Assessing seismic hazard in continental interiors is difficult because these regions are characterized by low strain rates and may be struck by infrequent destructive earthquakes. In this paper, we provide an example showing that interpretations of seismic cross sections combined with other kinds of studies such as analysis of microseismicity allow the whole seismogenic source area to be imaged in this type of region. The Middle Durance Fault (MDF) is an 80-km-long fault system located southeastern France that has a moderate but regular seismicity and some palaeoseismic evidence for larger events. It behaves as an oblique ramp with a left-lateral-reverse fault slip and has a low strain rate. MDF is one of the rare slow active fault system monitored by a dedicated dense velocimetric short period network. This study showed a fault system segmented in map and cross section views which consists of staircase basement faults topped by listric faults ramping off Triassic evaporitic beds. Seismic sections allowed the construction of a 3-D structural model used for accurate location of microseismicity. Southern part of MDF is mainly active in the sedimentary cover. In its northern part and in Alpine foreland, seismicity deeper than 8 km was also recorded meaning active faults within the crust cannot be excluded. Seismogenic potential of MDF was roughly assessed. Resulting source sizes and estimated slip rates imply that the magnitude upper limit ranges from 6.0 to 6.5 with a return period of a few thousand years. The present study shows that the coupling between 3-D fault geometry imaging and accurate location of microseismicity provides a robust approach to analyse active fault sources and consequently a more refined seismic hazard assessment.
I N T RO D U C T I O N
Although continental interiors are characterized by low strain rates, they can be struck by destructive earthquakes, for example, Bhuj (Bendick et al. 2001) , Chirpan, (Vanneste et al. 2006) , Struma (Meyer et al. 2007 ) and New Madrid (Tuttle et al. 2002) . The direct consequence of these low strain rates is that recurrence intervals between destructive earthquakes are long, they can reach several millennia. In such regions, historical seismicity cannot document an entire earthquake cycle. Furthermore, erosion processes may not favour surface preservation of active fault traces. Therefore usual approaches developed for regions with high seismic activity, that is, historical seismicity investigations and palaeoseismology, are strongly limited and sometimes irrelevant for assessing seismic hazard in low strain rate areas.
Studies in the New Madrid region (Crone et al. 1985; Crone 1998; Chen et al. 2006) have shown that coupling accurate subsurface fault geometry with a detailed microseismicity is a robust tool to address dimensions of active faults. It then leads to better magnitude estimates for future seismic ruptures. In this paper, we provide a case study illustrating such coupling that allows a better assessment of active fault segmentation and consequently more refined estimates of seismic source characteristics for the Provence region in southeastern France.
Western Europe is characterized by weak to moderate seismic activity due to low NNW-trending convergence between Eurasian and African Plates ranging from 4 to 6 mm yr −1 (DeMets et al. 1990 (DeMets et al. , 1994 Argus et al. 1999) . GPS data show that the convergence is mainly accommodated by deformation within a zone surrounded by Spain, Sardinia, Sicily and Northern Africa (Nocquet 2002) . As a consequence, active deformation in western continental Europe is very low. However, internal forces such as residual Alpine slab pull and gravitational forces related to crustal heterogeneities are also proposed to explain part of (Sébrier et al. 2004) or the whole (Le Pichon 2004) weak to moderate seismic activity of southeastern France. Despite the description of many metre scale Quaternary faults (e.g. Baize et al. 2002) , it is generally difficult to link moderate earthquakes with identified faults (Brittany, western Alps and Pyrenees). In regions of slightly higher seismotectonic activity such as Provence, it is sometimes possible to correlate low slip-rate active faults with instrumental, historical, and palaeoseismic activity (Cushing et al. 1997; Sébrier et al. 1997; Baroux 2000; Guignard et al. 2005) . This is the case for the NNE-striking Middle Durance Fault System (MDF) which can be traced over 80 km from Aixen-Provence to the Digne Thrust (Fig. 1 ). This MDF is made of two fault zones: (1) the Middle Durance Fault Zone (MDFZ) to the North and (2) the Aix Fault Zone (AFZ) to the South (Fig. 1 ) linked together by a right bend.
In this paper, we perform a critical review of available data on MDF. It includes re-interpretation of seismic sections and investigation of recent microseismic events recorded by a devoted seismic network installed along MDF in 1996. Results deduced from the whole study confirm that a multidisciplinary approach is useful to better assess seismic hazard of active faulting in regions of low to moderate seismicity.
G E O L O G I C A L A N D S E I S M O T E C T O N I C R E G I O N A L B A C KG RO U N D

Structural framework
Western Provence mainly corresponds to a Mesozoic shelf basin bounded by deeper basinal conditions to the NE. The regional structural framework can be divided into four major domains ( Fig. 1): (1) The 'Provence panel' (Chardon & Bellier 2003 and references herein) corresponds to the West Provence thrust sheet and is characterized by a 5-10-km-thick mostly calcareous Mesozoic and Cenozoic series. It is located between the Nîmes Fault to the West and MDF to the East. To the South, the 'Provence panel' is bounded by several south-verging thrusts such as the Trevaresse-La Fare-Alpilles faults.
(2) The Baronnies, north of the 'Provence panel', are made of a Mesozoic marly series accumulated in a deep trough. The Baronnies are limited to the South by the Ventoux-Lure Thrust (VLFZ).
(3) The Valensole Plateau. is a Mio-Pliocene foreland basin of Southern Alps characterized by a thin and slightly deformed Mesozoic sedimentary cover. It extends between the MDFZ and the Digne thrust.
(4) The Digne thrust represents the Alpine thrust front where thick marly Meso-Cenozoic series are overthrust on the Valensole basin during Neogene and Quaternary.
Tectonic evolution
E-and NE-striking major faults are inherited from Late Palaeozoic strike-slip faults (Arthaud & Matte 1974) . They were reactivated as normal faults during a Liassic extension controlled by three main faults ( Fig. 1) : Cevennes, Nîmes and Durance faults (Debrand-Passard et al. 1984; Roure et al. 1992) . These became strike-slip faults during the Pyrenean, Palaeogene, tectonic phase which results, from a N-trending compression. This compression also produced E-striking north-verging folds and thrusts (Clauzon 1984; Villeger 1984) . The latter appear mostly ramping off detachment levels that are mainly located within Triassic evaporites and sometimes within Liassic to Oxfordian black shales and Neocomian marls (Benedicto-Esteban 1996; Champion et al. 2000; Lacassin et al. 2001) . Some of these detachments are thought to be anchored in the pre-Triassic basement (Villeger & Andrieux 1987; Roure & Colleta 1996; Chardon & Bellier 2003; Sébrier et al. 2004) .
Oligocene to Lower Miocene oceanic opening of the Western Mediterranean basin produced fault-controlled continental basins, for example, Manosque-Forcalquier or Vistrenque basins (Benedicto-Esteban 1996) . This process increased the strong variation in the sedimentary cover thickness across major regional faults as the MDFZ (Fig. 1) . Since Middle Miocene, Alpine convergence has been reactivating all the previously mentioned structures causing inversion of the MDFZ over the Valensole basin. South verging E-trending faults have been reactivated or created during the same period. The Alpine convergence has also been responsible for the reactivation of the Digne thrust and the flexural formation of the Valensole foreland basin (Clauzon 1975; Combes 1984; Leturmy et al. 1999; Hippolyte & Dumont 2000) . The amount of Miocene to Present crustal shortening is estimated to be on the order of 10 km in the Digne region (Lickorish et al. 2002) .
Recent and present tectonic activity
Presently, the Provence region is mainly characterized by a compressional tectonic regime. Evidence of this compression is provided by focal mechanism solutions (Nicolas et al. 1990; Baroux et al. 2001; Volant et al. 2003) and by geodetic analyses (Ferhat et al. 1998; Calais et al. 2002 Calais et al. , 2003 Nocquet 2002; Nocquet & Calais 2004) . Reported Quaternary transcurrent, reverse, or thrust faults (e.g. Villeger 1984; Terrier 1991; Ghafiri 1995; Cushing et al. 1997; Sébrier et al. 1997; Baroux 2000; Dutour et al. 2002; Chardon & Bellier 2003; Chardon et al. 2005; Guignard et al. 2005) also agree with such a compressional tectonic regime characterized by a NNWto N-trending compression (see review of most of these data in Baize et al. 2003) . Estimates of slip rates on individual faults range from 0.01 to 0.1 mm yr −1 . These slip rates are based on either balanced cross-section (Champion et al. 2000) , or offsets of geological markers (Chardon & Bellier 2003; Siame et al. 2004; Chardon et al. 2005) or geodetic studies (Nocquet 2002; Nocquet & Calais 2004) .
K N O W L E D G E O F T H E M D F
Overall MDF geometry
The MDF separates two different structural domains ( Fig. 1) : a thick Mesozoic to Oligocene sedimentary cover to the West, and a thin Mesozoic pile covered by a thick Neogene to Quaternary molasse series to the East. As mentioned above, the MDF is made of two main zones: AFZ and MDFZ (Fig. 1) . In cross-sections (Figs 2 and 3) MDFZ is composed of two structures: (a) to the East a high angle west dipping basement fault and (b) to the West structure is a listric normal fault soling within Triassic beds (Roure et al. 1992; Benedicto-Esteban 1996; Benedicto et al. 1996; Roure & Colletta 1996; Figs 2 and 3) .
Several, small-scale, oblique folds are bent northward along the MDFZ. They provide evidence for a left-lateral strike-slip component of a post-Miocene fault movement. This movement caused inversion and bending of the E-striking pre-existing ManosqueForcalquier basin. Regional-scale E-trending folds (e.g. Lubéron, Trévaresse) are also bent northward along the MDFZ.
In addition, this inversion has produced a west-up, reverse displacement of Manosque anticline. However, the MDFZ central part still shows about 4 km of normal displacement of the basement top, down dropping to the West (Fig. 1) . Liassic Tethysian opening and Oligocene to Lower Miocene rifting periods were both responsible for this cumulated normal downthrow (Beaudrimont & Dubois 1977; Roure et al. 1992) . Subsequently, Neogene to Present deformation has produced the apparent reverse displacement that is exhibited by a vertical upthrow of about 1.5 km postdating Miocene beds (Combes 1984; Terrier 1991; Roure et al. 1992) .
Palaeoseismicity
Until the end of the 1980s, the MDF was considered to be an active fault because of its historical and instrumental seismicity. Subsequently, some Quaternary deformation has been reported: striated Wurmian conglomerates (Villeger 1984) and a faulted Rissian formation (Terrier 1991) at La Brillanne site (Fig. 1) . In addition, a knee fold affecting Quaternary to Holocene torrential debris flow has been observed in the vicinity of Manosque town, near the Valveranne creek (Ghafiri et al. 1993; Ghafiri 1995; Sébrier et al. 1997) . These studies have proposed that the observed deformation occurred roughly between 27 000 and 9000 years ago, during a palaeoearthquake with a coseismic reverse dislocation of approximately 1 m. This knee fold was supposed to be linked to a fault dipping eastward under the Durance Valley. Moment magnitude was estimated between 6.5 and 6.9 . Investigations dealing with geophysical imaging and cosmogenic dating near Manosque suggested a possible vertical offset of the Upper Pleistocene Durance terrace .
Historical seismicity
Historical seismicity is documented with the SISFRANCE French historical database (see Levret et al. 1994; Lambert et al. 1996; Scotti et al. 2004) . Regarding the MDF area, a pseudo-recurrent seismic activity has been reported since the 16th century, with earthquakes producing epicentral intensities ranging from VII to VIII MSK. The strongest events were located near the city of Manosque (13/12/1509 -Io = VIII and 14/08/1708 -Io = VIII). Weaker earthquakes occurred near Beaumont de Pertuis (20/03/1812 -Io = VII-VIII) and near Volx (14/05/1913 -Io = VII-VIII). Much weaker events associated with intensities ranging from V to VII were also reported: 1835 -Io = VI; 1852 -Io = V-VI; 1858 -Io = VI-VII; 1897 -Io = VI; 1938 -Io = V. These events were probably shallow given the limited geographical distribution of reported intensities. Some recent studies of the 1708 earthquake sequence further support a hypocenter depth shallower than 5 km Baumont & Scotti, personal communication, 2006) . Finally another earthquake occurred further North in the region of La Motte Du Caire (19/05/1866 -Io = VII-VIII). This event took place near the NNE-trending Vermeihl crustal fault (Fig. 1) , which is characterized by faulted basement outcrops. Rousset (1978) suggested this fault belonged to the northern extension of MDF. http://renass.u-strasbg.fr/). All of these earthquakes were located in a 10 km wide strip along MDF. In 1993, in order to study the seismic behaviour of an active fault in a moderate seismic activity context, the IRSN (French Institute for Radioprotection and Nuclear Safety) began installation of a seismic network ('the Durance network') surrounding the MDF area. Since 1996, this network has been devoted to monitoring the MDF and has consisted of 12 velocimeters and 18 accelerometers spread over a 30 × 60 km 2 area centred on the fault system . The velocimeters are designed to record low magnitude events (down to M w ∼ 1) to investigate the microseismicity of the fault. So far, the Durance network has recorded a weak seismic activity-for the 1999-2006 period, about 70 seismic events with moment magnitudes (M w ) ranging from 1.0 to 2.2 have been located in the same 10 km wide strip along the MDF. The epicentres are relatively well located except in the North where a few events occurred under the Valensole Plateau.
Instrumental seismicity
Geodetic data
The National Geodetic Network (RENAG, http://renag.unice.fr/ regal/) has two permanent GPS stations located on either side of 
S E G M E N TAT I O N A N D 3 -D G E O M E T RY O F M D F
In a region of low seismic activity, seismic hazard assessment related to a fault system is generally approached with only a fault segmentation description combined where possible with a palaeoseismic study. For the MDF area, seismic exploration data are also available and cross sections of the fault system can be obtained from seismic line interpretations and geological data. These cross sections help to better illustrate the fault segmentation and 3-D geometry of the MDF and consequently help to constrain the fault seismogenic potential.
Presentation of the available seismic sections surveying MDF
In the MDF region, two main seismic campaigns were carried out by oil companies: ELF in 1971 and TOTAL in 1985 -1986 . We obtained from the COPAREX Company, four hard copies of migrated seismic sections belonging to Total. In addition, three seismic sections from the ELF 1971 campaign reprocessed and migrated by CGG Company were made available by the CEA/Cadarache Centre. A total of seven seismic sections were interpreted and all include time migration and CDP numbers on the horizontal axis.
Seismic analyses and interpretations were either presented in internal reports (Cabrol 1985; Biondi et al. 1992) or partly reported by Benedicto-Esteban (1996) . Roure et al. (1992) and Roure & Colletta (1996) used the same data to describe the structural mechanism of fault inversion in the Alpine and Pyrenean forelands.
Data acquired in the 1980s were of good quality and valuable features about structural organization were obtained from the corresponding seismic sections. In contrast, data acquired in the 1970s were of poorer quality. Other seismic sections coming from the above-referred unpublished reports were also used. These additional sections are of poor quality they provide, however, a few valuable indicators for locating the MDFZ and interpreting its geometry.
Correspondence between seismic reflectors and geological layers
The interpretation process started by identifying characteristic seismic reflectors using information deduced from boreholes. From different types of logs (sonic, density, resistivity, seismocoring or CVL) propagation velocities values were obtained. They were used to produce synthetic seismograms generated by convolving the reflectivity derived from digitized logs with a wavelet. The comparison between those seismograms and seismic sections allowed the determination of seismic reflectors (Fig. 2) .
The last step of the interpretation process consisted in converting the original time seismic sections into depth sections. In order to make this conversion, propagation velocities (Vp) of the various geological formations are required. Most of these velocities were deduced from the previously cited logs. For the others, values were obtained by estimating formation thicknesses from geological data and associated two-way traveltimes from migrated seismic sections. Since horizontal axes of sections contain CDP numbers, the time interval measured between two interfaces of a given formation corresponds to the two-way traveltime. The ratio of its thickness over the one-way traveltime is our Vp estimate.
Unfortunately, the different migration techniques applied by the TOTAL and CGG companies lead to significant differences in depth between similar reflectors. Therefore some 'interpreted' geological cross-sections deduced from geological maps and published crosssections (e.g. Benedicto-Esteban 1996) had to be integrated to reconcile those discrepancies. Overall nine geological interfaces could be pointed out on the Elf sections and 7 on those of Total. In both sets, basement or an interface located near the top of the basement was identified (Fig. 3 ).
Fault trace mapping and segmentation
Until the late 1990s, knowledge of the MDF fault trace was limited. At that time, existing geological maps (1/50 000 scale) displayed very few local fault strands and the 1 000 000 scale French geological map showed MDF as a dashed line. Some authors proposed a preliminary mapping of MDF but with great uncertainties (Combes 1984; Terrier 1991) .
Taking advantage of results from studies completed since the 1990s (e.g. Cushing et al. 1997; Baroux 2000; Guignard 2002; Lebatard; Siame et al. 2004; Guignard et al. 2005; Nguyen 2005) , field investigations and the above listed seismic section interpretations, we performed a synthesis that resulted in an updated mapping of MDF (Fig. 3) .
Locations of near surface faults were obtained from a variety of data: (1) geological maps, (2) aerial and satellite images, (3) DEM analysis of slopes anomalies, (4) near surface geophysical surveys, (5) location of geomorphic anomalies (e.g. stream deviations) and (6) Quaternary deformation features.
Special attention was paid to locate the surface fault trace from upward projections of the faults observed at depth on seismic sections. This mapping has allowed us to propose the seismotectonic segmentation presented in Fig. 4 and detailed in Appendix A. Boundaries between segments are mainly defined by changes in mean faultstrike.
3-D geometry of MDF
Previous research on 3-D geometry
As previously suggested from cross-section views by Roure et al. (1992) , Roure et Colletta (1996) and Benedicto-Esteban (1996) , the crustal part of the MDFZ is characterized by a staircase shaped faulting affecting the basement top. The western part of the MDFZ is a listric decollement curving horizontally within Triassic evaporite beds.
A seismotectonic hypothesis considers the MDF as an active leftlateral ramp separating an autochthonous domain to the East from the detached sedimentary series to the West (Benedicto-Esteban 1996; Champion et al. 2000) . Active deformation is thus restricted to the sedimentary cover and basement faults remain inactive. An alternative hypothesis suggests the involvement of basement faults in regional deformation (Chardon & Bellier 2003; Sébrier et al. 2004) . 
Insights from our analysis of seismic sections
The construction of several cross sections (Fig. 3) confirms the structural organization proposed by Benedicto-Esteban (1996) . However, the geometry imaged by these cross sections is not sufficient to fully assess the fault seismogenic potential because this geometry cannot provide evidence to distinguish whether fault activity involves both the basement and listric faults or is restricted to the listric faults only. This ambiguity is illustrated on line VL85O (Fig. 2) where interpretations do not allow the choice between these two hypotheses. Another way of investigating fault activity is to determine locations of seismic events with respect to the previously described crustal fault organization. Therefore, the seismicity recorded by the Durance network was used to address the question about basement fault activity.
M I C RO S E I S M I C A N A LY S I S
Construction of a 3-D velocity model
Prior to this study, seismic events around the MDF were located with a 1-D velocity model. However, this 1-D velocity model is not representative of the 3-D complexity of geological structures in the MDF region. Thus a 3-D velocity model was needed in order to obtain reliable hypocenter locations and consequently improve the knowledge about fault activity in the basement. The first step in developing a 3-D velocity model was to build a 3-D structural model describing the main geological interfaces. These interfaces were obtained by two methods: (1) interpolation between scattered data points and (2) draping over interfaces defined on seismic sections. The first method was applied far from seismic lines using geological maps and interpreted geological sections. Closer to MDF, a draping technique was used between all available seismic sections in order to better image the topography and dip of the faults.
In a second step once the geometry of the main interfaces was established, the P-wave velocities determined in Section 4.2 were attributed to each layer of the structural model (Fig. 5 ). This geometry was input into the GOCAD TM modelling software. The last step consisted in outputting with GOCAD the velocity distribution to a 3-D grid using unitary cubes. Each cube has edges of 200 m and is assigned constant P-wave slowness (1/Vp) corresponding to 3-D location (x, y, z) of the cube centre. The velocity model consists of about 13 million elementary cubes. The resulting 3-D model remains a simplified velocity model, with some large uncertainties and includes expert judgment. Nevertheless, we consider it to be much more appropriate for the complex structure of the MDF than the previously used 1-D model.
Event selection
Relocation of 155 events recorded by the Durance network between 1999 and 2006 were obtained using the 3-D Velocity model presented above and the Non-Linear Location (NonLinLoc) program (Lomax et al. 2000; Lomax & Curtis 2001; Lomax 2005) (Fig. 6 ). This software is capable of computing traveltimes and probabilistic, non-linear, global-search earthquake locations in the 3-D velocity model. The combination of the 3-D velocity model and the NonLinLoc software minimizes biases and uncertainties in the epicentre and focal depth estimations and produces comprehensive solution error information, such as maximum likelihood hypocenters, probability density function for the hypocenter location and error-ellipsoids (68 per cent confidence ellipsoid). All of this solution information is critical to make robust inferences about location and depth of buried active faults. Moment magnitudes (M w ) for the relocated events were computed from long-period plateaus of displacement spectra (Nechtschein 2003; Volant et al. 2003) . The magnitudes ranged from M w = 1.0 to 3.0, indicating weak seismic activity in MDF region during a 7-yr study period. Some of the lowest magnitude events were only detected by two or three stations, consequently their locations are poorly constrained, leading to uncertainties in depth of several kilometres. For a refined structural analysis, absolute and relative location errors had to be minimized and events with large location uncertainties were discarded. To minimize event location errors, we developed station corrections using an iterative procedure to accumulate mean station residuals. We then performed a selection to retain the best located events using the following criteria: (i) at least 5 arrival times used for location, (ii) maximum confidenceellipsoid, semi-axis length ≤2 km, and (iii) maximum azimuthal gap 
≤270
• . From the 155 events located, 90 were selected with those criteria.
A final selection step was the removal of quarry blasts from these 90 events using signal identification and available information from quarry managers. The final event set consisted of 59 earthquakes ( Fig. 7 and Appendix B). The location errors are quantified by the maximum confidence-ellipsoid, semi-axis length (Se1, Se2, Se3 in Appendix B); for most events the maximum semi-axis length (Se3) is oriented nearly vertically. Thus, in Appendix B, the uncertainty in depth is very close to ± Se3 km. The mean of the Se3 values in Appendix B is 1.0 km. Focal mechanisms were computed for 27 events having sufficient first motion readings using the FPFIT software (Reasenberg & Oppenheimer 1985) . Due to the small number of stations used to determine some focal mechanisms, multiple solutions were obtained for about half of these 27 events ( Fig. 7 and Appendix C).
Seismicity location and active fault size
The distribution of the selected epicentres (Fig. 7) shows that the seismicity around the MDF is less diffuse than suggested by national networks (e.g. Baroux et al. 2001) . West of MDF, under the Provence panel, the level of seismic activity is very low. Similarly, only a few events occurred under the Valensole Plateau, 10-15 km East of the MDFZ. The majority of events occurred in the vicinity of MDF along a 50 × 10 km 2 strip between Peyruis and Meyrargues (Figs 6 and 7) with a higher density of earthquakes between segments 3 and 7. The southernmost events in this strip are located up to about 10 km southeast of the mapped faults. Most of the events located in the vicinity of MDF are close to the surface with depths shallower than 4 km (all depths in this paper are indicated with respect to sea level; Fig. 8 ), which indicates that the present-day seismicity associated with MDF is mainly situated within the sedimentary cover.
There is also a cluster of events located around Mont-Major, a few kilometres southeast of CAD and GIN seismic stations (Figs 6 and 7). Events in this cluster have shallow depths, between 1 and 2 km and may be interpreted as southwest verging Mont-Major thrust activity. No Quaternary deformation evidence has previously been reported for this location.
Some deeper seismicity is also found. Three events deeper than 8 km occurred under the northern limb of the Luberon-Manosque anticline. In the prolongation of segment 9 (near Jouques), five events are aligned with depths ranging from 4 to 9 km. In this area, a relatively deep earthquake (M L ldg = 2.9, h = 9 km) occurred in 1997 . Since the Jouques borehole located in the area reached the basement at a depth of 2065 m, these events probably occurred within the basement. Such a zone of deep seismicity could reveal the existence of an active crustal fault (e.g.
NNE-trending Jouques Fault).
The deepest events occurred under the Valensole Plateau with depths ranging from 8 to 15 km. They are associated with crustal deformation which might be related to the frontal activity of SWverging crustal thrust (Leturmy et al. 1999; Hippolyte & Dumont 2000) located 15 km to the north. This structure has previously been identified from oil exploration surveys (Dubois & Curnelle 1978) which induces the Lambrussier and Mirabeau anticlines in the northern Valensole Plateau (Fig. 1) . Moreover, two deep earthquakes (8 and 10 km deep) with reverse mechanisms occurred in this area in 1984 (Nicolas et al. 1990; Baroux et al. 2001) , these events suggest active thrusting under the northern Valensole Plateau.
Earthquake fault-plane solutions and fault kinematics
The 27 focal mechanisms obtained with FPFIT are shown in Fig. 7 . For events having multiple solutions, a single mechanism has been selected based on either the nodal-plane best-fit determined using inversion of seismic slip-vector (see next section) or on the computed solution quality based on the highest station distribution ratio (STDR: see Reasenberg & Oppenheimer 1985) . Nevertheless some of the solutions (Fig. 7 and Appendix C) remain poorly constrained, that is, STDR < 0.5 (events 9, 18, 21 and 26).
The majority of the 27 mechanisms are consistent with strike-slip faulting in agreement with left lateral displacement along the MDF. Fig. 7 for event numbers). Arrow colours indicate different types of faulting mechanisms (black: P-axes corresponding to reverse faulting mechanisms; white: P-axes corresponding to strike slip mechanisms; grey: T-axes of normal faulting mechanisms). Dot colours correspond to absolute depth with respect to sea level (black: below 6 km; grey: between 3 and 6 km and white: shallower than 3 km).
A few events with reverse focal mechanisms are spread out over the whole study area, and several events with normal mechanisms are concentrated near segments 2 and 3. The presence of these normal events may be interpreted as a local reorientation of the main stress direction near the termination of segment 3.
The difference in P-axes orientation (N to NNE-striking) (Fig. 8 ) between the basement and the sedimentary cover could indicate stress decoupling between thin-skinned tectonics (thrust sheet motion of the 'Provencal panel') and deep-seated deformation. Such stress decoupling has been described in the same context for the Northern Jura thrust belt (Becker et al. 1987) . The distribution of P-axes near the Luberon fold suggests some possible thrusting activity. An event that occurred south of the Concors fold (event 26) has a reverse solution with a N-130
• E-trending P-axis, since it has a very low STDR value this solution is discarded.
Finally, two focal mechanisms were computed for the MontMajor cluster. They are difficult to interpret because their P axes are perpendicular to the N-trending P-axes of the majority of events. Nevertheless one focal solution shows a low-angle, nodal plane which could be related to either the thin-skinned tectonics or local halokinetic behaviour. In this area, large evaporitic Triassic windows crop-out.
Inversion of seismic slip-vector data set to determine the current stress state
Several algorithms (e.g. Vasseur et al. 1983; Gephart & Forsyth 1984) are available to compute stress states. From a robust data set, these algorithms yield similar results (e.g. Mercier et al. 1991) .
To compute the stress states responsible for the present seismic activity in the studied area, quantitative inversions of earthquake focal mechanisms were performed using the method proposed by Carey-Gailhardis & Mercier (1987 . This method and its stress axis uncertainties are described in detail by Bellier et al. (1997) and Baroux et al. (2001) . For this inversion technique, the slip (s) for a given focal solution is represented by a vector corresponding to the rake of each nodal plane. The slip is assumed to occur in the direction of the resolved shear stress (τ ) on each fault plane, the fault plane being a pre-existing fracture. The inversion computes a mean best-fitting deviatoric stress tensor from a set of fault slip vectors by minimizing the angular deviation between a predicted slip vector (maximum shear τ ) and the observed slip vector (s) deduced from the corresponding focal mechanism (Carey & Brunier 1974; Carey 1979) .
The application of the above described method requires the correct nodal plane to be selected from the 2 slip vectors obtained with a focal mechanism. The magnitudes of the earthquakes recorded by the Durance network mainly range from 1.2 to 2.2. Consequently, it is difficult to select the nodal planes from structural criteria because these low magnitude earthquakes correspond to dislocations propagating along a few tens of metres only. These small ruptures can occur on major faults as well as minor ones. The methodology consists in selecting the slip vector with a numerical approach based on the computation of the R ratio defined as R = (σ 2 -σ 1 )/(σ 3 -σ 1 ). In Bott's model (1959) , only one of the two possible slip vectors of a focal mechanism solution agrees with the principal stress axes having an R ratio between 0 and 1 (see appendix A in Baroux et al. 2001) . In our study, this numerical approach was applied to select the appropriate plane for 25 events (Appendix C), those of Mont Major being discarded. Some events had multiple focal solutions. Overall 94 nodal planes were considered.
The inversion was performed in two steps. The first one consisted in inverting the whole data set in order to approach an optimized stress tensor. For the second step, only nodal planes having both criteria (0 < R < 1 and τ , s < 30
• ) were inverted. Those nodal planes corresponded to 19 events located either in the cover sheet of the MDF (events 2, 3, 5, 6, 7, 9, 10, 11, 13, 15, 19, 21, 23 and 27) or within the basement (events 1, 4, 17, 20 and 22) .
The resulting deviatoric tensor shows a strike-slip regime characterized by a N165
• E-trending σ 1 , a N74
• E-trending σ 3 and an R-value of 0.58 (Fig. 9a) . This stress state is consistent with the composite focal mechanism obtained with the FPFIT code (Fig. 9b) and agrees with that of Baroux et al. (2001) . The latter was computed with five nodal planes selected from larger magnitude events (2.9 ≤ M ≤ 4.1). It indicated a strike-slip stress state with a N158
• Etrending σ 1 and an R value of 0.49.
Most of the seismic events excluded after the first step of the inversion would indicate a NNE-trending extension. This data set was not inverted for the stress tensor because of the small number of remaining events. These mainly lie in an area located around the southern termination of segment 3 (Fig. 4-south of the bend) , suggesting a P-axis rotation in relation with a local stress-state change (Fig. 8) .
S E I S M I C H A Z A R D E S T I M AT I O N F O R M D F
Maximum moment magnitude
Our results for the MDF suggest that this fault system can be regarded as a set of sources capable of producing significant earthquakes. Although the Valveranne palaeoseismic evidence mentioned in Section 3.2. (Ghafiri et al. 1993; Ghafiri 1995; Sébrier et al. 1997 ) is isolated and not located exactly on one of the major faults it nevertheless suggests potential for large earthquakes.
Estimates of maximum magnitude and fault behaviour may be derived through numerical simulations or direct application of empirical relationships. The latter links segment size and/or source area with maximum earthquake magnitude (e.g. Wells & Coppersmiths 1994; Hanks & Kanamori 1979) . The deterministic assessment of the source geometry makes the evaluation of the earthquake size possible using different scenarios. The fault segmentation and geometry described above have already been used in a simplified version to obtain numerical simulations of spontaneous dynamic rupture propagation using a logic tree approach (Aochi et al. 2006) . The results of these simulations show magnitudes ranging from 6.3 to 6.9 if it is assumed that the deepest parts of main segments reach the basement. The most probable events have a probability of occurrence greater than 20 per cent and correspond to events either along a single segment (M w = 6.3) or along three segments (M w = 6.8). This simulation used a physical approach therefore no return period could be associated with those events.
For the southernmost part of the MDF most of the microseismic events occurred in the sedimentary cover. This is consistent with a decollement within Triassic salt as proposed by BenedictoEsteban (1996) and Le Pichon (2004) . Considering this hypothesis, the source dimensions cannot exceed 18 × 6 km 2 where 18 km is the maximum segment length and 6 km corresponds to the width of a listric fault reaching Triassic beds (Figs 3 and 4) . Application of the Wells & Coppersmith relationship for strike slip faulting with these parameters results in a maximum individual magnitude of 6.0 ± 0.2 for each segment. With the Hanks & Kanamori relationship, this magnitude upper bound is equal to 6.1 considering a 0.5 m dislocation. For this last calculation the shear modulus μ was required. It was estimated to be around 2 × 10 11 dyne cm -2 from density and S-wave velocities of the sedimentary cover. If mean instead of maximum segment length is considered, 12 km must be used instead of 18. In this case, for a 5 km fault plane, the Wells & Coppersmith relationship results in a magnitude of 5.8 ± 0.2. Hanks & Kanamori relationship also gives 5.8 for the same 0.5 m dislocation. All magnitude values are close to those proposed by Chardon et al. (2005) on the Trevaresse active thrust.
Slip rate and recurrence
Ten years ago, the fault slip rates in southeastern France including those of the MDF were not known. From the Valveranne palaeoseismic evidence , the old geological marker displacements, the geophysical markers offsets and the permanent GPS survey, many techniques were applied to estimate short and long term slip rates on the MDF (e.g. Baroux 2000; Bellier et al. 2004; Cushing et al. 2004) . Nowadays, it is widely accepted those slip rates are lower than 0.1 mm yr −1 . From cosmogenic dating and geomorphic analyses, Siame et al. (2004) obtained a slip rate that ranged from 0.01 to 0.07 mm yr −1 for the last million years. This range of values is coherent with integrated GPS monitoring (Baize & Nocquet 2006) . The slip velocities are essential to determine whether or not the case of active fault rupturing has to be regarded in seismic hazard assessment.
In order to assess hazard related to fault activity, the characteristic earthquake model (see Schwartz & Coppersmith 1984) , is considered. In such a model, maximum magnitude is estimated from the size of a given segment. Then using the relationship of Wesnousky (1986) , a return period is calculated. This model is generally applied in highly seismic zones (i.e. Wesnousky 1986) and remains questionable for the case of slow active faults. Nevertheless we use it as a simplified approach even if the behaviour of each fault segment is unknown. This approach has been applied with the hypotheses of Section 6.1. For an earthquake of magnitude M w = 5.8, with an average slip rate of 0.1 mm yr −1 , a 12 km long mean segment and a fault plane width of about 5 km, the return period is 4700 yr. On the other hand, for an event of M w = 6.1, with a slip rate of 0.1 mm yr −1 , a 18 km long segment and a fault plane width of about 6 km, the return period is 7340 yr. The involvement of more segments in the rupture process would lead to an increase in magnitude and return period. For instance, a segment rupturing combination involving segments 3, 4, 5, 6 and 7 activates a 340 km 2 rupture surface area. The return period is then estimated at 9280 yr for a magnitude M w = 6.5 with a 0.9 m dislocation considering a slip rate of 0.1 mm yr −1 . This scenario probably corresponds to the upper bound of predicted magnitudes.
D I S C U S S I O N A N D C O N C L U S I O N
Numerous studies performed during the last decade including reinterpretations of seismic sections, geomorphological analyses, palaeoseismicity studies, near-surface geophysical surveys, cosmogenic nuclides dating, geodetic measurements and seismological investigations, have been jointly analysed to better understand the seismotectonic behaviour of the MDF in order to reassess seismic hazard in the Provence region.
The results obtained from this multidisciplinary approach allowed the construction of a segmentation model of the MDF composed of nine segments with lengths ranging from 8 to 18 km. In addition, a 3-D velocity model mainly obtained from seismic section interpretations has been developed to locate microseismic events recorded by the Durance Network between 1999 and 2006. Most of the hypocenter locations are shallow and therefore in the vicinity of the MDF the microseismic activity mainly lies in the sedimentary cover suggesting that active segments reach Triassic evaporitic beds. These results agree with the geometry proposed by Benedicto-Esteban (1996) . However, a few microseismic events recorded by the Durance network have been located deeper than the basement-cover interface. Most of them lie either to the East (Valensole Plateau) or to the West (Luberon Range and Vaucluse Plateau) of the MDF. This deeper seismicity indicates that part of the active deformation is taking place within the pre-Triassic basement.
From the recorded microseismicity, 27 focal mechanisms have been computed. Overall, they show a dominant left-lateral strikeslip faulting behaviour with a roughly N-trending compression that seems to occur in both the sedimentary cover and the basement. Therefore, focal mechanisms indicate that the NNE-striking MDF acts as a southward transfer zone of the external Alpine front in Western Provence between the NNW-striking Digne thrust, and the south verging Trevaresse and Les Costes thrusts. Data analyses also indicate that the link between the Digne thrust and the MDF cuts across the northern Valensole Plateau. This link would correspond to a blind active basement fault zone that is associated with the Lambrussier and Mirabeau anticlines. The presence of this blind fault zone would also suggest that the northern MDF is not currently active and explain why MDF surface trace is difficult to observe. In addition, small variations in P-axes orientation (N-to NNE-striking) between the basement and the sedimentary cover could indicate a stress decoupling between thin-skinned tectonics (thrust sheet motion of the 'Provence panel') and deep-seated deformation. Finally, a few mechanisms display thrusts or normal faults, these can be explained by local stress deviations due to fault terminations and/or folding locally perturbed by salt tectonics.
The seismogenic potential of the MDF has been roughly estimated from segmentation and geometry obtained in this study. Resulting source sizes and estimated slip rates imply that the magnitude upper limit ranges from 6.0 to 6.5 with a return period of a few thousand years.
In the context of regions of low strain rates, the present study shows that, when available the combination of 3-D fault geometry imaging and accurate microseismic location provides a robust approach to analyse active fault sources and consequently produces a more refined seismic hazard assessment.
Considering seismic hazard at the regional scale of Provence, the occurrence of microseismicity below the sedimentary cover indicates that further investigations should be carried out to identify and characterize potentially seismogenic blind thrusts within the basement. Such basement faults have been previously proposed in both Western and Eastern Provence (Dubois & Curnelle 1978; Lickorish & Ford 1998; Hippolyte & Dumont 2000; Laurent et al. 2000; Larroque et al. 2001; Bigot-Cormier 2004; Sébrier et al. 2004) . However these faults are too poorly understood to be integrated in the assessment of seismic hazard in Provence. A similar approach to the one conducted on the MDF should be devoted to such blind thrust sources.
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A P P E N D I X A : S E G M E N TAT I O N D E S C R I P T I O N O F T H E M D F A N D A S S O C I AT E D A C T I V E FAU LT S
No. Name -length -strike Main observations and interpretation MDF Segment 1
Venelles-Meyrargues -8 km -N025 • E Vertical offset of a roman aqueduct pointed out by leveling. Post Oligocene sinistral strike-slip fault plane east of Meyrargue town (Guignard et al. 2005 ). Connected to the South with Trevaresse Fault (Chardon & Bellier, 2003) Segment 2 Loubière-Mirabeau -8 km -N060 • E Boundary between Oligocene beds and cretaceous limestones The northern part of this segment does not seem to reach segment 3. Segment 2 is relayed by the "horse tail" termination of segment 3 (Guignard et al. 2005) . The whole segment is poorly mapped. Segment 3
Mirabeau-Manosque. -18 km -N045 • E Geological contact between Mesozoic series (W) and folded Miocene series (E) located by surface projection of faults observed on seismic sections. Connected to the south to a horse tail termination which could be extended to the Costes thrust through the Durance Valley to the West. Well constrained mapping in the southernmost part Segment 4
Manosque-Villeneuve East -9 km -N030 • E Inferred from seismic section interpretation and morphological analysis. The SE-facing slope between lower the intermediate terraces may be considered as an escarpment partly formed by a fault ). Segment 5
Villeneuve-Peyruis -15 km -N020 • E In the south near La Brillanne town, an outcrop located on the slope lying along the motorway, shows a fault affecting rissian quaternary terrace (Terrier, 1991) . It may not be autochthonous, and probably corresponds to a landslide along this slope (Baroux 2000) . Further north, a steep slope underlines the fault trace where the Durance river reaches the valley edge. This may indicate a recent activity of this segment. Segment 6
Peyruis-Chateau-Arnoux 12 km -N040 • E This fault segment does not exhibit any outcrop evidence of faulting and is probably blind. However seismic section 71D8 crosscuts the fault and shows this segment at depth. Segment 7
Chateau-Arnoux-Valavoire 14 km -N020 • E No direct evidence of surface faulting can be pointed out from this segment. Only local minor faults, "en echelon" shape folding and morphological anomalies (Lebatard, 2003) can be observed. From those features, the MDFZ is supposed to affect the sedimentary cover at depth (blind fault). Segments 8
Manosque-Villeneuve West -11 km -N050 • E Its projection to surface combined with some structural observations such as the rapid transition between weakly dipping and strong dipping or overturned Miocene beds locate a reversed listric fault crossing the Valveranne and the Fontamauri valley. On seismic section VL85O, the westernmost discontinuity probably corresponds to that feature. This fault is anchored in Triassic layers Segment 9:
ST Paul-Ste Tulle -8 km -N020 • E This north-trending fault segment is only deduced from indirect observations:
(1) the left-lateral "en baïonnette" trace of the talwegs and (2) the aligned anomalies in the longitudinal profiles across homogeneous conglomerates. (Guignard et al. 2005) . The microseismicity detected by the Durance network strengthens the presence of this segment. Other fault systems coupled with the MDF S 10: Pierrevert -Bastide des Jourdans East Luberon fault -9 km and S 11: Luberon south verging fault -17 km These segments are probably blind locally (Champion et al. 2000) . They have been assumed from geological maps, that is, fault trace and/or rapid dipping change on the frontal limb of dissymmetric Manosque-Luberon anticline and from surface projection of faults identified on seismic sections. These features are anchored within Triassic ductile levels. N 080 S11-S12: Trevaresse Fault 7 and 9 km segments These segments are responsible for 1909 M w ∼ 6.0 earthquake. This feature has been fully described by, Lacassin et al. (2001) , Chardon & Bellier (2003) and palaeoseismic evidence are documented in Chardon et al. 2005 . 
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